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Description 

Background of the Invention 
Field of the Invention 

[0001] The present invention relates to an apparatus 
for measuring an exchange force between a surface of 
a specimen and a probe which is faced to the specimen 
surface by a very small distance. 

Description of the Related Art 

[0002] Heretofore, in many known methods of analyz- 
ing solid specimens using an electron beam, the inten- 
sity (the number of electrons) and the kinetic energy are 
adopted as a measure for analysis. Another measure 
for the investigation is electron spin. There have been 
proposed several methods of evaluating a microscopic 
surface magnetism of a solid substance on the basis of 
the electron spin. For instance, there have been pro- 
posed several methods of determining directions of 
magnetic moments of respective atoms with atomic res- 
olution as illustrated in Fig. 1. 

[0003] In accordance with recent progress in electron- 
ics, a recording density on magnetic recording medium 
has become higher year after year. Fig. 2 is a chart rep- 
resenting a variation of the recording density in accord- 
ance with progress in the magnetic recording medium 
and various methods of evaluating the surface magnet- 
ism. The horizontal axis denotes a time in the Gregorian 
year, the left-hand vertical axis a linear recording density 
(cycle/cm), and the right-hand vertical axis represents 
a resolution of methods of evaluating the surface mag- 
netism in u.m and nm. Magnetic recording began in 1900 
having a wavelength of 1 mm and have become more 
and more dense. The linear recording density has been 
improved in audio magnetic tape, p magnetic tape and 
VHS magnetic tape. In a recent evaporation tape, a 
length of one bit is 0.3-0.4 jim. In a modern hard disc, a 
length of one bit has shortened to 0.16-0.19 jim. By the 
electron holography, magnetic bits of 0.085 |xm were ob- 
served on Co-Cr media. The resolution in evaluation 
methods of surface magnetism has been also improved. 
The resolution of the Bitter technique has been im- 
proved from 1 ji.m to 0.7 fim, and the resolution of the 
Kerr effect method has improved from 1 nm to 0.5 ^m. 
The resolution of the spin-polarized scanning electron 
microscopy (SP-SEM) has improved from 100-200 nm 
in 1984 to 20 nm in 1994. The magnetic force micros- 
copy (MFM) had a resolution of 100 nm in 1987 and had 
a resolution of 10 nm in 1988. The electron holography 
had a resolution of 10 nm in 1991 and the Lorentz mi- 
croscopy has a resolution of 10 nm now and will have a 
resolution of 0.7 nm in a near future. 
[0004] As explained above, the resolution of surface 
magnetic evaluation has become higher and higher. 
However, a higher resolution is required on in either ba- 



sic studies of material properties or engineering, for in- 
stance magnetic recording. Hence, it has been earnest- 
ly required to develop an evaluation method which can 
evaluate magnetic properties of a solid surface with an 
5 atomic resolution. The inventors of the present applica- 
tion have proposed a spin-polarized scanning tunneling 
microscopy (SP-STM). 

[0005] Fig. 3 is a schematic view illustrating an exper- 
imental apparatus for proving the utility of SP-STM. In 

10 an actual SP-STM, a specimen is made of a magnetic 
material and a probe is made of gallium arsenide 
(GaAs). However, in the experimental apparatus, a 
specimen was made of GaAs and a probe was made of 
nickel (Ni). This does not cause any problem as long as 

15 the principle of the SP-STM is investigated. A single- 
mode laser diode 1 was used as a linearly polarized light 
source of about 830 nm in wavelength and about 30 mW 
in maximum output power. Linearly polarized laser 
beam was made incident upon a Pockels cell 3 by 

20 means of an lens 2. To the Pockels cell 3, was applied 
a high voltage from an oscillator 4 via a high voltage 
amplifier 5. Then, an excited circularly polarized laser 
beam was modulated into right-hand circularly polariza- 
tion and left-hand circularly polarization at a modulation 

25 frequency of about 400 Hz. In this manner, the spin-po- 
larization of excited electrons was changed. The mod- 
ulated laser beam was made incident upon a specimen 
11 as exciting light by means of reflection mirror 6-8, XI 
4 plate 9 and lens 10. A probe 12 made of a crystal wire 

30 of Ni was biased by a DC voltage source 1 3 was brought 
into a close proximity of the surface of specimen 11 un- 
der the control of a piezoelectric element 14 such that 
a tunneling current could flow from the specimen to the 
probe. The generated tunneling current was detected 

35 by a control unit 15, and an output signal of the control 
unit was supplied to a monitor 16 together with an output 
signal from the oscillator 4. In this manner, the tunneling 
current depending upon the spin-polarization of the sur- 
face of specimen 11 was detected. 

40 [0006] In the above explained SP-STM, the tunneling 
current produced by the radiation excitation is detected, 
and thus could not be applied to electrically insulating 
magnetic materials. The inventors have proposed a 
possibility of an atomic force microscopy (AMF) which 

45 could detect the exchange force between a sample and 
a probe. Such an atomic force microscopy could be ap- 
plied to insulating objects. 

[0007] In the known atomic force microscopy, the 
measurement is performed within a non-contact region 

50 in which the tip of the probe is separated from the spec- 
imen surface by a relatively large distance or within a 
direct contact region in which the tip of probe is brought 
into contact with the specimen surface. In the measure- 
ment within the non-contact region, magnetic forces 

55 produced between magnetic dipoles are measured. 
However, these forces are of a long-range force, and 
thus it is impossible to realize an atomic resolution. In 
the measurement within the direct contact region, al- 
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though it would be possible to evaluate the surface 
structure with an atomic resolution, it is impossible to 
measure the exchange force between the specimen and 
the probe in an accurate manner, because the probe tip 
is brought into contact with the specimen surface and is 5 
influenced by magnetic properties of the specimen sur- 
face. Therefore, it is impossible to evaluate inherent 
magnetism of the specimen surface in an accurate man- 
ner. 

[0008] In order to overcome the above mentioned 10 
drawback, the inventors have proposed, in a co-pending 
patent application, a method of measuring an exchange 
force between a probe and an electrically conductive or 
electrically insulating specimen with an atomic resolu- 
tion. 15 
[0009] In this method, in order to measure an ex- 
change force between a specimen and a probe each of 
which contains localized electrons and at least one of 
which contains conduction electrons, the specimen and 
probe are faced to each other by a distance within a 20 
close proximity region from a distance at which conduc- 
tion electron clouds (wave function) begin to be over- 
lapped with each other to a distance at which localized 
electron clouds (wave function) are not substantially 
overlapped with each other, and an exchange force be- 25 
tween said two substances is measured. The above 
close proximity region is called RKKY type exchange in- 
teraction region. 

[0010] Fig. 4 is a graph showing variations of force 
and energy between the specimen and the probe in ac- 30 
cordance with a distance therebetween. It should be 
noted that the force may be derived by differentiating 
the energy. The RKKY type exchange interaction region 
is between the contact region in which a direct exchange 
interaction is dominant and the non-contact region in 35 
which magnetic interactions except magnetic dipole-di- 
pole interaction are negligibly small. In the known atomic 
force microscope, the direct exchange interaction re- 
gion or non-contact region is used. In these regions, the 
force between the specimen and the probe could not be *o 
measured with an atomic resolution. It should be noted 
that in Fig. 4, boundaries between the direct exchange 
interaction region, RKKY-type exchange interaction re- 
gion and magnetic dipole interaction region are denoted 
by broken lines, but in practice, these boundaries could *5 
not be determined clearly. 

[0011] When a specimen and a probe are faced to 
each other by a distance within the RKKY-type ex- 
change interaction region, an exchange force between 
the specimen and the probe is of an order of 10" 10 N. 50 
Presently available atomic force microscope has a 
measuring limit of an order of about 10" 12 -10" 13 N. 
Therefore, the exchange force of an order of 10 -10 N 
could be measured. 

[0012] However, if an exchange force within the 55 
RKKY-type exchange interaction region is measured us- 
ing a cantilever of the known atomic force microscope 
in which the non-contact region is utilized, the probe is 



brought into contact with the specimen, because a dis- 
tance between the specimen and the probe could not 
be controlled precisely. Since a spring constant of the 
cantilever is very small, when the probe is brought into 
a close proximity of the specimen, a resilient force of the 
cantilever might be against a force between the speci- 
men and the probe and the cantilever is attracted to the 
specimen. When a spring constant of the cantilever is 
increased, a sensitivity of the cantilever might be de- 
creased largely and the exchange force of an order of 
10- 10 N between the specimen and the probe could not 
be measured precisely. 

Summary of the Invention 

[0013] The present invention has for its object to pro- 
vide a novel and useful apparatus for measuring pre- 
cisely with an atomic resolution an exchange force be- 
tween a specimen and a probe which are faced to each 
other by a very small distance within the RKKY-type ex- 
change interaction region. 

[0014] According to the invention, an apparatus for 
measuring an exchange force between a specimen and 
a probe each of which contains localized electrons and 
at least one of which contains conduction electrons, 
comprises: 

a means for holding said specimen; 
a resilient member for supporting said probe such 
that said specimen and probe are faced to each oth- 
er by a distance within a close proximity region from 
a distance at which conduction electron clouds be- 
gin to be overlapped with each other to a distance 
at which localized electron clouds are not substan- 
tially overlapped with each other; 
a displacement measuring means for measuring a 
displacement of said resilient member due to a 
force between the specimen and the probe; 
a controlling means for controlling a resiliency of 
said resilient member against the force between the 
specimen and the probe such that the probe is pre- 
vented from being brought into contact with the 
specimen; and 

an exchange force detecting means for detecting 
an exchange force between the specimen and the 
probe in accordance with said displacement of the 
resilient member. 

[0015] According to the invention, it is preferable that 
said resilient member is formed by a resilient cantilever 
having one end secured to a stationary member, and 
said displacement measuring means includes a first pi- 
ezoelectric element secured to the cantilever, an oscil- 
lator for supplying a driving signal having a given fre- 
quency and a given amplitude to said first piezoelectric 
element, and an opto-electric position detecting device 
for detecting a displacement of the cantilever. 
[0016] In a preferable embodiment of the apparatus 
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according to the invention, said controlling means in- 
cludes a spring constant adjusting means for adjusting 
a spring constant of the resilient member in accordance 
with the displacement of the resilient member supplied 
from the displacement measuring means. 5 
[0017] Alternatively, the controlling means may be 
constructed by a means for preventing the probe from 
being brought into contact with the specimen by means 
of an electromagnetic force or an electrostatic force. 
[0018] In a preferable embodiment of the apparatus 
according to the invention, said displacement measur- 
ing means includes a first piezoelectric element secured 
to the cantilever, an oscillator for generating a driving 
signal having a given frequency and a given amplitude, 
and an optical position detecting device for detecting a 
displacement of the cantilever in an opto-electric man- 
ner, said spring constant adjusting means comprises a 
second piezoelectric element and a control circuit for 
supplying a control signal to said second piezoelectric 
element such that the cantilever vibrates at the given 
frequency with a given amplitude, and said exchange 
force detecting means includes a calculation circuit for 
processing said control signal supplied from said control 
circuit to derive the exchange force between the speci- 
men and the probe. 

Brief Description of the Drawings 

[0019] 

Fig. 1 is a schematic view showing the atomic struc- 
ture of a magnetic specimen surface; 
Fig. 2 is a diagram representing progress in mag- 
netic medium, linear record density, evaluating 
method and the resolution; 

Fig. 3 is a schematic view illustrating a construction 
of a known spin-polarized scanning tunneling mi- 
croscopy; 

Fig. 4 is a graph representing a distance depend- 
ency of a force between the specimen and the 
probe; 

Fig. 5 is a schematic view showing specimen and 
probe used in calculation for a measuring principle 
of the apparatus according to the invention; 
Fig. 6 is a schematic view illustrating a model of 
atomic structure of the specimen and probe; 
Fig. 7 is a graph representing a distance depend- 
ency of a force between the specimen and the 
probe; 

Fig. 8 is a graph showing a distance dependency of 
magnetic moment of the specimen; 
Figs. 9A and 9B are schematic diagrams showing 
the condition of electrons within a direct exchange 
interaction region and an RKKY-type interaction re- 
gion; 

Fig. 10 is a schematic view illustrating an embodi- 
ment of the apparatus for measuring the exchange 
force by the method according to the invention; 



Fig. 11 is a schematic view depicting a second em- 
bodiment of the exchange force measuring appara- 
tus according to the invention; and 
Fig. 12 is a schematic view illustrating a third em- 
bodiment of the exchange force measuring appara- 
tus according to the invention. 

Description of the Preferred Embodiment 

[0020] At first, we consider a simple model, in which 
two thin films made of iron which is a 3d transition metal 
are brought together in close proximity as shown in Fig. 
5. One of the thin iron films may be a specimen and the 
other may be a probe. In actual measurement, the spec- 
imen may be considered as a thin film, but the probe is 
a very sharp tip and could not be considered as a thin 
film. However, in a microscopic view point, the probe 
may be also considered as a thin film. It is also assumed 
that each of the two thin films has a structure construct- 
ed by three atom layers as illustrated in Fig. 6, (001) 
surfaces of the thin films are faced to each other by a 
distance d, and a lattice constant of thin films is a (2.83 
A). 

[0021] When an origin of coordinates is set at a middle 
point between the two films, a position of atoms of a first 
layer x-, of the first thin film is expressed by x^O, 0, d/ 
2), a position of atoms of a second layer x 2 is expressed 
by x 2 (a/2, a/2, d/2+a/2), and a position of atoms of a 
third layer x 3 is expressed by x 3 (0, 0, d/2+a). Similarly, 
in the second thin film, a position of atoms of a first layer 
x/ is expressed by x 1 '(a/2, a/2, -d/2), a position of atoms 
of a second layer x 2 is expressed by x 2 '(0, 0, -d/2-a/2), 
and a position of atoms of a third layer x 3 is expressed 
by x 3 , (a/2, a/2, -d/2-a). The surface relaxation is not con- 
sidered. So, lattices is assumed to be rigid. 
[0022] Since the exchange force between the two thin 
films can be derived as a difference between a force ob- 
tained under a condition that directions of magnetic mo- 
ments of these thin films are in parallel with each other 
and a second force obtained under a condition that di- 
rections of magnetic moments of the thin films are in an- 
ti-parallel with each other. Therefore, a dependency of 
these first and second forces upon a distance between 
the two thin films has been investigated. It has been de- 
rived by the first principle calculation using the local-spin 
approximation to the density-functional theory. Upon 
calculation, the full potential linear argumented plane 
wave (LAPW) method was employed. In Japanese 
Journal of Applied Physics, Vol. 33 (1994), pp. 
2692-2695, Materials Science and Engineering B31 
(1995), pp. 69-76, and Physical Review B56(1995), pp. 
3218-3321, the inventors have reported a method in 
which a difference between a force measured under 
such a condition that directions of magnetic moments 
are in parallel with each other and a force measured un- 
der such a condition that directions of magnetic mo- 
ments are in anti-parallel with each other. 
[0023] According to the invention, not only force ap- 
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plied to the respective thin films under the parallel con- 
dition of magnetic moments, but also force applied to 
the respective thin films under the condition of the anti- 
parallel condition of magnetic moments are calculated 
in an extremely precise manner, and calculation results 5 
shown in Fig. 7 could be obtained. In Fig. 7, the horizon- 
tal axis denotes a distance d normalized by the lattice 
constant a (d/a) and the vertical axis shows a force F 
(10- 9 N). A curve F P represents the force in the parallel 
condition and a curve F AP shows the force in the anti- 10 
parallel condition. 

[0024] The force between the thi n f il ms contain forces 
other than the exchange force, and therefore in order to 
derive only the exchange force, it is necessary to cancel 
out the forces other than the exchange force by deriving 15 
a difference between them. In Fig. 7, the calculated ex- 
change force is shown by a curve F ex = F AP -F P . As can 
be seen from the curve F ex , the exchange force has a 
large dependency upon the distance d between the two 
thin films. Within a region of d/a < 1.7, the exchange 
force appears. Particularly, within a region of d/a < 1 .0, 
a large exchange force is recognized. Within a region of 
1.0 < d/a < 1.7, the existence of the exchange force is 
recognized. However, in a region of d/a > 2.0, no ex- 
change force could appear. 

[0025] Then, a dependency of the magnetic moment 
of the thin film under the parallel and the anti-parallel 
conditions has been investigated and a result shown in 
Fig. 8 was obtained. In Fig. 8, the horizontal axis de- 
notes a distance a between the thin films normalized by 
the lattice constant a (d/a), and the vertical axis repre- 
sents the magnetic moments m(uB). Curves X^P) and 
x^AP), x 2 and x 3 show magnetic moments of atoms in 
the layers x 1t x 2 and x 3 , respectively. The curve X^P) 
shows a change in the magnetic moment under the par- 
allel condition and the curve x., (AP) represents a change 
in the magnetic moment under the anti-parallet condi- 
tion. The magnetic moments of atoms in the second lay- 
er x 2 are substantially identical with that of the bulk. 
When the normalized distance d/a between the two thin 
films is smaller than 1.0, the magnetic moment of the 
first layer x^ is greatly deceased. This means that atoms 
in this first layer x^ are subjected to the direct exchange 
interaction. Therefore, in the present invention, this re- 
gion is called a direct exchange interaction region. As 
explained above with reference to Fig. 7, in the direct 
exchange interaction region of the normalized distance 
d/a smaller than 1.0, it is possible to attain a large ex- 
change force. However, within this direct exchange in- 
teraction region, the magnetic moment changes largely, 
and therefore the magnetic structure of a specimen sur- 
face might be affected by the probe and the magnetic 
property of the specimen surface could not be evaluated 
accurately. 

[0026] According to the invention, it is extremely pref- 
erable to measure the exchange force within the region 
of 1 .0 £ d/a £ 1 .7. In the direct exchange interaction re- 
gion of d/a < 1 .0, the localized electron clouds (wave 



functions) of, for instance 3d orbitals are overlapped 
with each other as shown in Fig. 9A, and in the region 
of 1 .0 < d/a < 1 .7, although the localized electron clouds 
are separated from each other as depicted in Fig. 9B, 
the conduction electron clouds (wave functions) of 4s 
and 3p orbitals are overlapped with each other. There- 
fore, according to the invention, the exchange force is 
measured by separating a specimen surface and a 
probe from each other by a distance within a region from 
a distance at which the conduction electron clouds of 4s 
and 3p orbitals begin to be overlapped with each other 
to a distance at which the localized electron clouds of 
3d orbital are not substantially overlapped with each oth- 
er. In the present specification, such a region is called 
a RKKY-type exchange interaction region. The meas- 
urement of the exchange force according to the inven- 
tion is applied not only to the above mentioned 3d tran- 
sition metal, but also to molecules revealing magnetism, 
4f rare earth metals and compounds and magnetic sem- 
iconductors. It should be noted that the present inven- 
tion may be equally applied to two substances each of 
which includes localized spins and at least one of which 
contains conduction electrons. 

[0027] As explained above with reference to Fig. 7, 
the magnitude of the exchange force F ex measured in 
the RKKY-type exchange interaction region, i.e. 1 .0 < d/ 
a < 1.7 is smaller than that measured in the direct ex- 
change interaction region, but is still of order of 10~ 10 N. 
The exchange force having such a magnitude can be 
measured, because the conventional atomic force mi- 
croscope has a resolution of about 10" 12 to 10 -13 N. Fur- 
thermore, this RKKY-type exchange force changes in a 
sinusoidal manner, and thus the exchange force can be 
measured accurately using such a characteristic. 
[0028] Now several embodiments of the apparatus for 
measuring the exchange force between a specimen and 
a probe according to the invention will be explained. 
[0029] Fig. 1 0 is a schematic view showing a first em- 
bodiment of the apparatus for measuring the above 
mentioned RKKY-type exchange force according to the 
invention. A specimen 21 whose magnetic properties 
are to be evaluated is placed on a stage 22 which can 
be moved in a three-dimensional manner. Above the 
specimen stage 22 is arranged a resilient cantilever 23 
whose one end is secured to a stationary member by 
means of a first piezoelectric element 25. The resilient 
cantilever 23 is formed by a resilient strip made of sili- 
con, silicon nitride, stainless steel, phosphor bronze and 
so on. A probe 24 is secured on a lower surface of the 
resilient cantilever 23 near its distal end. It is preferable 
that the probe 24 has a sharp tip. According to the in- 
vention, there Is no special limitation for a combination 
of materials of the specimen 21 and probe 24, the probe 
may be made of any suitable material from a view of 
workability, except for a condition due to a property of a 
magnetic specimen. Therefore, according to the inven- 
tion, the cantilever 23 and probe 24 may be formed as 
a single integral body. 
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[0030] As explained above, the cantilever 23 is se- 
cured to the stationary member by means of the first pi- 
ezoelectric element 25, which is connected to an oscil- 
lator 26 which generates a driving signal having a fre- 
quency of several hundreds KHz to vibrate the cantilev- 5 
er 23 at such a frequency. On the upper surface of the 
cantilever 23 is provided a reflection member 27, and a 
laser light beam emitted by a laser light source 28 is 
made incident upon the reflection member from an in- 
clined direction. The laser beam reflected by the reflec- 
tion member 27 is received by a position sensor 29. The 
position sensor 29 comprises an array of a plurality of 
light receiving elements and a position upon which the 
laser beam is made incident can be detected. In this 
manner, a position of the probe 24 in a direction Z per- 
pendicular to the surface of the specimen 21 can be de- 
tected in a very precise manner. 

[0031] The specimen stage 22, cantilever 23, laser 
light source 28 and position sensor 29 are all installed 
within a vacuum chamber 30 to which a vacuum pump 
(not shown) is connected. In this manner, a space within 
the chamber 30 can be maintained at ultra-high vacuum 
condition, and thus the accurate measurement of the ex- 
change force can be achieved without being influenced 
by dusts deposited on the specimen 21 . If the apparatus 
is placed in an extremely clean space, it is not necessary 
to use the vacuum chamber. 

[0032] In order to prevent the probe 24 from being 
brought into contact with the specimen 21 against a re- 
silient force of the cantilever 23 by means of a force be- 
tween the specimen 21 and the probe 24, in the present 
embodiment, there is provided a spring constant con- 
trolling means. That is to say, a second piezoelectric el- 
ement 31 is provided on the cantilever 23. This second 
piezoelectric element 31 is connected to a control circuit 
32. 

[0033] Outside the vacuum chamber 30, there are ar- 
ranged, in addition to the above mentioned oscillator 26 
and control circuit 32, a driving circuit 33 for driving the 
specimen stage 22, a displacement measuring circuit 
34 connected to said position sensor 29, a calculating 
circuit 35 for calculating output signals supplied from the 
control circuit 32 to derive an exchange force applied to 
the probe 24, and a processing circuit 36 for processing 
an output signal supplied from the calculating circuit 35 
to evaluate magnetic properties of the specimen 21 on 
the basis of the measured exchange force applied to the 
probe 24. 

[0034] After placing the specimen 21 on the stage 22 
and exhausting the vacuum chamber 30, the specimen 
stage 22 is driven by the driving circuit 33 such that the 
tip of probe 24 is faced to a given portion of the speci- 
men. In this case, a distance between the specimen 21 
and the tip of probe 24 is set to a value within the above 
mentioned RKKY-type exchange interaction region. 
Then, the piezoelectric element 25 is driven by the os- 
cillator 26 such that the resilient lever 23 and thus the 
probe 24 are vibrated in the direction Z at a given fre- 



quency. The frequency is preferably set to a resonant 
frequency of the cantilever 23. Due to this vibration, the 
position of the laser beam impinging upon the position 
sensor 29 is changed in a periodic manner. When the 
probe 24 is placed remote from the specimen 21 and 
any force is not induced between the specimen 21 and 
the probe 24, the vibration of the resilient lever 23 is not 
affected at all and the lever is vibrated at given frequen- 
cy and amplitude. However, when the probe 24 is 
brought closer to the specimen 21 by a distance within 
said RKKY-type exchange interaction region, a force is 
induced between the specimen 21 and the probe 24 and 
the vibration of the lever 23 is influenced by this force. 
Then, the frequency and amplitude of the vibration of 
the resilient cantilever 23 are changed. In the present 
embodiment, a displacement signal generated by the 
displacement measuring circuit 34 is supplied to the 
control circuit 32. The control circuit 32 produces a con- 
trol signal and the thus produced control signal is sup- 
plied to the second piezoelectric element 31 . The control 
signal is formed such that the cantilever 23 vibrates at 
said given frequency and amplitude irrespective of the 
exchange force between the specimen 21 and the probe 
24. In other words, in the present embodiment, to the 
second piezoelectric element 31 is supplied such a con- 
trol signal that a spring constant of the resilient cantilev- 
er 23 is increased in accordance with a decrease in a 
distance between the specimen 21 and the probe 24. 
[0035] As explained above, the cantilever 23 is con- 
trolled by the second piezoelectric element 31 such that 
the cantilever 23 vibrates at said given frequency and 
amplitude, and thus the control signal supplied from the 
control circuit to the second piezoelectric element 31 
represents the force induced between the specimen 21 
and the probe 24. Therefore, the control signal is also 
supplied to the calculating circuit 35 to derive the force 
between the specimen 21 and the probe 24. The thus 
calculated force is once stored in the calculating circuit 
35. As stated above, forces between the specimen 21 
and the probe 24 are measured under such conditions 
that directions of magnetic moments are in parallel with 
each other and directions of magnetic moments are in 
anti-parallel with each other, and the exchange force is 
measured as a difference between both two forces. 
These parallel mode and anti-parallel mode may be at- 
tained by providing an electromagnetic coil around the 
probe 24 and flowing a current into a first direction to 
magnetize the probe in a first direction. After measuring 
one of the first and second forces, a current is flowed 
through the coil in a second direction opposite to said 
first direction to magnetize the probe in a second direc- 
tion opposite to the first direction, and the other of said 
first and second forces is measured. During the meas- 
urement of the forces, no current flows through the coil, 
and therefore the measurement of force is not affected 
at all. 

[0036] Then, a difference between the first and sec- 
ond forces calculated and stored in the calculating cir- 
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cuit 35 is calculated to derive the exchange force be- 
tween the specimen 21 and the probe 24. Finally, the 
calculated exchange force is supplied to the processing 
circuit 36 and magnetic properties of the specimen 21 
are evaluated on the basis of the exchange force. 
[0037] Fig. 11 is a schematic view showing a major 
portion of a second embodiment of the exchange force 
measuring apparatus according to the invention. In the 
first embodiment explained above, the spring constant 
of the resilient cantilever 23 is controlled by the second 
piezoelectric element 31 provided on the cantilever in 
such a manner that the probe 24 is prevented from being 
brought into contact with the specimen 21 by the force 
between the specimen and the probe. In the present em- 
bodiment, the attraction of the cantilever is prevented 
by means of a magnetic force. To this end, a resilient 
cantilever 42 is vibrated by means of a piezoelectric el- 
ement 41 and a magnetic member 43 is secured to a 
distal end of the cantilever 42. Above the magnetic 
member 43 is arranged a magnetic coil 44 which is con- 
nected to a control circuit 46. The control circuit 46 is 
connected to a displacement measuring circuit 45. 
[0038] In the present embodiment, by controlling a 
current supplied to the magnetic coil 44 by the control 
circuit 46 in accordance with a displacement signal sup- 
plied from the displacement measuring circuit 45 to pro- 
duce a magnetic force applied to the magnetic member 
43 such that the magnetic member is moved upward 
and a probe 48 secured to the cantilever 42 is not at- 
tracted to a specimen 47 by a force between the spec- 
imen and the probe. 

[0039] In this manner, by controlling the current sup- 
plied to the magnetic coil 44 such that the cantilever 42 
vibrates at the given frequency and amplitude. Then, a 
control signal produced by the control circuit 46 repre- 
sents the exchange force between the specimen 47 and 
the probe 48. In the present embodiment, the magnetic 
coil 44 is arranged above the cantilever 42, but it may 
be provided under the cantilever. 
[0040] Fig. 12 is a schematic view showing a major 
portion of a third embodiment of the exchange force 
measuring apparatus according to the invention. In the 
present embodiment, a resilient cantilever 52 is vibrated 
at given frequency and amplitude by a piezoelectric el- 
ement 51 and an electrode 53 is arranged above the 
cantilever. A variable DC voltage source 54 is connected 
across the cantilever 52 and the electrode 53. A probe 
56 is secured to a distal end of the cantilever 56 to be 
faced with a specimen 55. By adjusting a DC voltage 
applied by the variable DC voltage source 54 across the 
cantilever 52 and the electrode 53 in accordance with a 
control signal which is produced on the basis of the dis- 
placement of the cantilever 52. Then, the cantilever 52 
is subjected to an electrostatic force produced between 
the cantilever 52 and the electrode 53 and the probe 56 
is prevented from being attracted to the specimen 55. 
By adjusting the control signal such that the cantilever 
52 is vibrated at the given frequency and amplitude ir- 



respective to the force between the specimen 55 and 
the probe 56, it is possible to measure the exchange 
force between the specimen and the probe by process- 
ing the control signal. 

5 [0041] The present invention is not limited to the em- 
bodiments explained above, but many alternations and 
modifications may be conceived by a person skilled in 
the art within the scope of the invention. In the above 
embodiments, the mechanical force, magnetic force 

10 and electrostatic force are used to prevent the probe 
provided on the cantilever from being attracted to the 
specimen. However, according to the invention, any oth- 
er means may be utilized to avoid the attraction of the 
probe to the specimen by the exchange force between 

15 the specimen and the probe. 

[0042] As explained above, in the apparatus for 
measuring the exchange force according to the inven- 
tion, the controlling means is provided for controlling the 
resiliency of the resilient cantilever against the force be- 

20 tween the specimen and the probe such that the probe 
is prevented from being attracted to the specimen, and 
therefore the exchange force between the specimen 
and the probe can be measured accurately with an 
atomic resolution in regardless of compositions of the 

25 specimen and probe and the magnetic property of the 
specimen can be evaluated accurately on the basis of 
the measured exchange force. 



30 Claims 

1 . An apparatus for measuring an exchange force be- 
tween a specimen (21;47;55) and a probe (24;48; 
56) each of which contains localized electrons and 
35 at least one of which contains conduction electrons, 
comprising: 

a means (22) for holding said specimen; 

a resilient member (23;42;52) for supporting 

*o said probe such that said specimen and probe 

are faced to each other by a distance within a 
close proximity region from a distance at which 
conduction electron clouds begin to be over- 
lapped with each other to a distance at which 

45 localized electron clouds are not substantially 

overlapped with each other; 
a displacement measuring means (27-29,34) 
for measuring a displacement of said resilient 
member due to a force between the specimen 

50 and the probe; 

a controlling means (31,32;43-46;53,54) for 
controlling a resiliency of said resilient member 
against the force between the specimen and 
the probe such that the probe is prevented from 

55 being brought into contact with the specimen; 

and 

an exchange force detecting means (35,36) for 
detecting an exchange force between the spec- 
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imen and the probe in accordance with said dis- 
placement of the resilient member. 

2. The apparatus according to claim 1, wherein said 
controlling means includes a spring constant ad- 
justing means (31,32) for adjusting a spring con- 
stant of the resilient member in accordance with the 
displacement of the resilient member supplied from 
the displacement measuring means. 

3. The apparatus according to claim 2, wherein said 
resilient member is formed by a resilient cantilever 
(23) having one end secured to a stationary mem- 
ber, and 

said displacement measuring means includes 
a first piezoelectric element (25) secured to the can- 
tilever, an oscillator (26) for supplying a driving sig- 
nal having a given frequency and a given amplitude 
to said first piezoelectric element, and an opto-elec- 
tric position detecting device (27-29) for detecting 
a displacement of the cantilever. 

4. The apparatus according to claim 3, wherein said 
spring constant adjusting means comprises a sec- 
ond piezoelectric element (31) and a control circuit 
(32) for supplying a control signal to said second 
piezoelectric element in accordance with the dis- 
placement of the cantilever such that the cantilever 
vibrates at the given frequency and amplitude, and 
said exchange force detecting means includes a 
calculation circuit (35) for processing said control 
signal supplied from said control circuit to derive the 
exchange force between the specimen and the 
probe. 

5. The apparatus according to claim 4, wherein said 
controlling means includes an electromagnetic con- 
trolling means (43-46) for applying a force to the 
probe in accordance with the displacement of the 
cantilever such that the probe is moved away from 
the specimen. 

6. The apparatus according to claim 5, wherein said 
electromagnetic controlling means comprises a 
magnetic member (43) provided on the cantilever 
and a magnetic coil (44) arranged to be opposed to 
said magnetic member. 

7. The apparatus according to claim 4, wherein said 
controlling means includes an electrostatic control- 
ling means (43,44) for preventing the probe from 
being brought into contact with the specimen by 
means of an electrostatic force. 

8. The apparatus according to claim 7, wherein said 
electrostatic controlling means comprises an elec- 
trode (53) arranged to be opposed to said cantilever 
and a variable DC voltage source (54) connected 



across said cantilever and the electrode for supply- 
ing a DC voltage in accordance with the displace- 
ment of the cantilever. 

5 9. The apparatus according to any one of claims 1-8, 
wherein said specimen and probe are made of tran- 
sition metal having a lattice constant a, and the 
probe is faced to the specimen surface by a dis- 
tance d while a condition 1 .0 < d/a < 1 .7 is satisfied. 

10 

Pate ntansp ruche 

1 . Vorrichtung zum Messen einer Austauschkraft zwi- 
15 schen einer Probe (21 ; 47; 55) und einer Sonde (24; 

48; 56), die jeweils lokalisierte Elektronen enthalten 
und wobei wenigstens eine davon Leitungselektro- 
nen enthalt, umfassend: 

20 eine Einrichtung (22) zum Halten der Probe; 

ein elastisches Element (23; 42; 52) zum Hal- 
tern der Sonde derart, dass die Probe und die 
Sonde in einem Abstand einander gegenuber- 
liegen innerhalb eines Bereichs nachster Nahe 

25 von einem Abstand, in dem Leitungselektro- 

nenwolken beginnen miteinander uberiappt zu 
sein, zu einem Abstand, in dem lokalisierte 
Elektronenwolken miteinander im wesentli- 
chen nicht uberiappt sind; 

30 eine Verschiebungsmesseinrichtung (27-29, 

34) zum Messen einer Verschiebung des ela- 
stischen Elements als Folge einer Kraft zwi- 
schen der Probe und der Sonde; 
eine Steuereinrichtung (31 , 32; 43-46; 53, 54) 

35 zum Steuern einer Elastizitat des elastischen 

Elements entgegen der Kraft zwischen der Pro- 
be und der Sonde, so dass verhindert wird, 
dass die Sonde in einen Kontakt mit der Probe 
gebracht wird; 

40 eine Austauschkraft-Erfassungseinrichtung 

(35, 36) zum Erfassen einer Austauschkraft 
zwischen der Probe und der Sonde in Uberein- 
stimmung mit der Verschiebung des elasti- 
schen Elements. 

45 

2. Vorrichtung nach Anspruch 1 , wobei die Steuerein- 
richtung eine Federkonstanten-Einstelleinrichtung 
(31 , 32) zum Einstellen einer Federkonstanten des 
elastischen Elements in Obereinstimmung mit der 

so Verschiebung des elastischen Elements, die von 
der Verschiebungsmesseinrichtung zugefuhrt wird, 
einschlieSt. 

3. Vorrichtung nach Anspruch 2, wobei das elastische 
55 Element durch einen elastischen Kragbalken (23) 

gebildet wird, der ein Ende aufweist, das an einem 
stat ion a re n Element befestigt ist, 

die Verschiebungsmesseinrichtung ein erstes 
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piezoelektrisches Element (25), das an dem Krag- 
balken befestigt ist, einen Oszillator (26) zum Zu- 
fuhren eines Ansteuersignals mit einer gegebenen 
Frequenz und einer gegebenen Amplitude an das 
erste piezoelektrische Element, und eine optoelek- 5 
tronische Positionserfassungseinrichtung (27-29) 
zum Erfassen einer Verschiebung des Kragbalkens 
einschlieftt. 

4. Vorrichtung nach Anspruch 3, wobei die Federkon- to 
stanten-Einstelleinrichtung ein zweites piezoelek- 
trisches Element (31) und eine Steuerschaltung 
(32) zum Zufuhren eines Steuersignals an das 
zweite piezoelektrische Element in Gbereinstim- 
mung der Verschiebung des Kragbalkens, so dass 15 
der Kragbalken bei der gegebenen Frequenz und 
Amplitude vibriert, umfasst und die Austauschkraft- 
Erfassungseinrichtung eine Berechnungsschaltung 
(35) zum Verarbeiten des Steuersignals, dass von 
der Steuerschaltung zugefuhrt wird, urn die Aus- 20 
tauschkraft zwischen der Probe und der Sonde ab- 
zuleiten, einschliefct. 

5. Vorrichtung nach Anspruch 4, wobei die Steuerein- 
richtung eine elektromagnetische Steuereinrich- 25 
tung (43-46) zum Anlegen einer Kraft an die Sonde 

in Ubereinstimmung mit der Verschiebung des 
Kragbalkens derart, dass die Sonde von der Probe 
weg bewegt wird, einschliefM. 

30 

6. Vorrichtung nach Anspruch 5, wobei die elektroma- 
gnetische Steuereinrichtung ein magnetisches Ele- 
ment (43), dass auf dem Kragbalken vorgesehen 
ist, und eine magnetische Spule (44), die gegen- 
uberliegend zu dem magnetischen Element ange- 35 
ordnet werden soil, umfasst. 

7. Vorrichtung nach Anspruch 4, wobei die Steuerein- 
richtung eine elektrostatische Steuereinrichtung 
(43, 44) einschliefit, urn zu verhindern, dass die *o 
Sonde in einen Kontakt mit der Probe mit Hilfe einer 
elektrostatischen Kraft gebracht wird. 

8. Vorrichtung nach Anspruch 7, wobei die elektrosta- 
tische Steuereinrichtung eine Elektrode (53), die 45 
gegenuberiiegend zu dem Kragbalken angeordnet 

ist, und eine variable DC Spannungsquelle (54), die 
uber den Kragbalken und die Elektrode geschaltet 
ist, zum Zufuhren einer DC Spannung in Oberein- 
stimmung mit der Verschiebung des Kragbalkens, 50 
umfasst. 

9. Vorrichtung nach irgendeinem der Anspruche 1-8, 
wobei die Probe und die Sonde aus einem Ober- 
gangsmetall mit einer Gitterkonstanten a gebildet 55 
sind, und die Sonde auf die Probenoberflache in ei- 
nem Abstand d gerichtet ist, wan rend eine Bedin- 
gung 1 ,0 < d/a < 1 ,7 erfOllt ist. 



Revendications 

1. Appareil pour mesurer une force d'echange entre 
un echantillon (21 ; 47; 55) et une sonde (24; 48; 56) 
dont chacun contient des electrons localises et dont 
au moins Tun contient des electrons de conduction, 
comprenant: 

un moyen (22) pour supporter ledit echantillon; 
un element elastique (23; 42; 52) pour suppor- 
ter ladite sonde de telle sorte que ledit echan- 
tillon et ladite sonde se fassent face Tun I'autre 
en etant separes d'une distance a I'interieur 
d'une region de proximite etroite depuis une 
distance a laquelle des nuages d'electrons de 
conduction commencent a se chevaucher les 
uns les autres jusqu'a une distance a laquelle 
des nuages d'electrons localises ne sont pas 
de facon significative en chevauchement les 
uns avec les autres; 

un moyen de mesure de deplacement (27-29, 
34) pour mesurer un deplacement dudit ele- 
ment elastique du fait d'une force entre I'echan- 
tillon et la sonde; 

un moyen de commande (31 , 32; 43-46; 53, 54) 
pour controler/commander une elasticity dudit 
element elastique vis-a-vis de la force entre 
I'echantillon et la sonde de telle sorte que la 
sonde soit empechee d'etre amenee en contact 
avec I'echantillon; et 

un moyen de detection de force d'echange (35, 
36) pour detecter une force d'echange entre 
I'echantillon et la sonde conformement audit 
deplacement de I'element elastique. 

2. Appareil selon la revendication 1, dans lequel ledit 
moyen de commande inclut un moyen de reglage 
de constante elastique (31, 32) pour regler une 
constante elastique de I'element elastique confor- 
mement au deplacement de I'element elastique qui 
est applique depuis le moyen de mesure de depla- 
cement. 

3. Appareil selon la revendication 2, dans lequel: 

ledit element elastique est forme par un ele- 
ment elastique en porte-a-faux (23) qui com- 
porte une extremite qui est fixee a un element 
stationnaire; et 

ledit moyen de mesure de deplacement inclut 
un premier element piezo-electrique (25) qui 
est fixe a I'element en porte-a-faux, un oscilla- 
teur (26) pour appliquer un signal d'entrame- 
ment presentant une frequence donnee et une 
amplitude donnee sur ledit premier element 
piezo-electrique et un dispositif de detection de 
position opto-eiectrique (27-29) pour detecter 
un deplacement de I'element en porte-a-faux. 
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4. Appareil selon la revendication 3, dans lequel ledit 
moyen de reglage de constante elastique com- 
prend un second element piezo-electrique (31) et 
un circuit de commande (32) pour appliquer un si- 
gnal de commande sur ledit second element piezo- 5 
electrique conformement au deplacement de I'ele- 
ment en porte-a-faux de telle sorte que I'element en 
porte-a-faux vibre a la frequence donnee et a I'am- 
plitude donnee, et ledit moyen de detection de force 
d'echange inclut un circuit de calcul (35) pour traiter 10 
ledit signal de commande qui est applique depuis 
ledit circuit de commande pour de river la force 
d'echange entre I'echantillon et la sonde. 

5. Appareil selon la revendication 4, dans lequel ledit 15 
moyen de commande inclut un moyen de comman- 
de electro mag netique (43-46) pour appliquer une 
force sur la sonde conformement au deplacement 

de I'element en porte-a-faux de telle sorte que la 
sonde soit eloignee de I'echantillon. 20 

6. Appareil selon la revendication 5, dans lequel ledit 
moyen de commande electromagnetique com- 
prend un element magnetique (43) qui est prevu sur 
I'element en porte-a-faux et une bobine magnetique 25 
(44) qui est agencee de maniere a etre opposee 
audit element magnetique. 

7. Appareil selon la revendication 4, dans lequel ledit 
moyen de commande inclut un moyen de comman- 30 
de electrostatique (43, 44) pour empecher que la 
sonde ne soit amenee en contact avec I'echantillon 

au moyen d'une force electrostatique. 

8. Appareil selon la revendication 7, dans lequel ledit 35 
moyen de commande electrostatique comprend 
une electrode (53) qui est agencee de maniere a 
etre opposee audit element en porte-a-faux et une 
source de tension DC variable (54) qui est connec- 
tee entre ledit element en porte-a-faux et I'electrode *o 
pour appliquer une tension DC conformement au 
deplacement de I'element en porte-a-faux. 

9. Appareil selon Tune quelconque des revendications 

1 a 8, dans lequel ledit echantillon et ladite sonde 45 
sont realises en un metal de transition presentant 
une constante de reseau a, et la sonde fait face a 
la surface d'echantillon moyennant une distance d 
tandis qu'une condition constitute par 1,0 < d/a < 
1 ,7 est satisfaite. so 
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FIG- 2 
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(54) Apparatus for measuring exchange force 

(57) In an apparatus for measuring an exchange 
force between a specimen and a probe, the specimen 
and probe are faced to each other with a distance within 
a close proximity or RKKY-type exchange interaction re- 
gion from a distance at which conduction electron 
clouds begin to be overlapped with each other to a dis- 
tance at which localized electron clouds are not sub- 
stantially overlapped with each other. In order to prevent 
the probe from being attracted to the specimen by a 
force between the specimen and the force, a piezoelec- 
tric element is provided on a cantilever and a control sig- 
nal supplied to the piezoelectric element is produced in 
accordance with a displacement of the cantileverto con- 
trol a spring constant of the cantilever. The exchange 
force between the specimen and the probe is calculated 
from the control signal supplied to the piezoelectric ele- 
ment. 
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Description 

Background of the Invention 

Field of the Invention s 

The present invention relates to an apparatus for 
measuring an exchange force between a surface of a 
specimen and a probe which is faced to the specimen 
surface by a very small distance. 

Description of the Related Art 

Heretofore, in many known methods of analyzing 
solid specimens using an electron beam, the intensity 
(the number of electrons) and the kinetic energy are 
adopted as a measure for analysis. Another measure 
for the investigation is electron spin. There have been 
proposed several methods of evaluating a microscopic 
surface magnetism of a solid substance on the basis of 
the electron spin. For instance, there have been pro- 
posed several methods of determining directions of 
magnetic moments of respective atoms with atomic res- 
olution as illustrated in Fig. 1 . 

In accordance with recent progress in electronics, 
a recording density on magnetic recording medium has 
become higher year after year. Fig. 2 is a chart repre- 
senting a variation of the recording density in accord- 
ance with progress in the magnetic recording medium 
and various methods of evaluating the surface magnet- 
ism. The horizontal axis denotes a time in the Gregorian 
year, the left-hand vertical axis a linear recording density 
(cycle/cm), and the right-hand vertical axis represents 
a resolution of methods of evaluating the surface mag- 
netism in prn and nm. Magnetic recording began in 1 900 
having a wavelength of 1 mm and have become more 
and more dense. The linear recording density has been 
improved in audio magnetic tape, p magnetic tape and 
VHS magnetic tape. In a recent evaporation tape, a 
length of one bit is 0.3-0.4 jam. In a modern hard disc, a 
length of one bit has shortened to 0. 1 6-0.1 9 um By the 
electron holography, magnetic bits of 0.085 jam were ob- 
served on Co-Cr media. The resolution in evaluation 
methods of surface magnetism has been also improved. 
The resolution of the Bitter technique has been im- 
proved from t u.m to 0.7 urn, and the resolution of the 
Kerr effect method has improved from 1 urn to 0.5 u.m. 
The resolution of the spin -polarized scanning electron 
microscopy (SP-SEM) has improved from 100-200 u.m 
in 1984 to 20 nm in 1994. The magnetic force micros- 
copy (MFM) had a resolution of 100 nm in 19B7 and had 
a resolution of 1 0 nm in 1 988. The electron holography 
had a resolution of 10 nm in 1991 and the Lorentz mi- 
croscopy has a resolution of 1 0 nm now and will have a 
resolution of 0.7 nm in a near future. 

As explained above, the resolution of surface mag- 
netic evaluation has become higher and higher. Howev- 
er, a higher resolution is required on in either basic stud- 



ies of material properties or engineering, for instance 
magnetic recording. Hence, it has been earnestly re- 
quired to develop an evaluation method which can eval- 
uate magnetic properties of a solid surface with an atom- 
ic resolution. The inventors of the present application 
have proposed a spin-polarized scanning tunneling mi- 
croscopy (SP-STM). 

Fig. 3 is a schematic view illustrating an experimen- 
tal apparatus for proving the utility of SP-STM. In an ac- 
tual SP-STM, a specimen is made of a magnetic mate- 
rial and a probe is made of gallium arsenide (GaAs). 
However, in the experimental apparatus, a specimen 
was made of GaAs and a probe was made of nickel (Ni). 
This does not cause any problem as long as the principle 
of the SP-STM is investigated. A single-mode laser di- 
ode 1 was used as a linearly polarized light source of 
about 830 nm in wavelength and about 30 mW in max- 
imum output power. Linearly polarized laser beam was 
made incident upon a Pockels cell 3 by means of an lens 
2. To the Pockels cell 3, was applied a high voltage from 
an oscillator 4 via a high voltage amplifier 5. Then, an 
excited circularly polarized laser beam was modulated 
into right-hand circularly polarization and left-hand cir- 
cularly polarization at a modulation frequency of about 
400 Hz. In this manner, the spin-polarization of excited 
electrons was changed. The modulated laser beam was 
made incident upon a specimen 11 as exciting light by 
means of reflection mirror 6-8, A/4 plate 9 and lens 10. 
A probe 12 made of a crystal wire of Ni was biased by 
a DC voltage source 1 3 was brought into a close prox- 
imity of the surface of specimen 11 under the control of 
a Piezoelectric element 1 4 such that a tunneling current 
could flow from the specimen to the probe. The gener- 
ated tunneling current was detected by a control unit 1 5, 
and an output signal of the control unit was supplied to 
a monitor 16 together with an output signal from the os- 
cillator 4. In this manner, the tunneling current depend- 
ing upon the spin-polarization of the surface of speci- 
men 1 1 was detected. 

In the above explained SP-STM, the tunneling cur- 
rent produced by the radiation excitation is detected, 
and thus could not be applied to electrically insulating 
magnetic materials. The inventors have proposed a 
possibility of an atomic force microscopy (AMF) which 
could detect the exchange force between a sample and 
a probe. Such an atomic force microscopy could be ap- 
plied to insulating objects. 

In the known atomic force microscopy, the meas- 
urement is performed within a non-contact region in 
which the tip of the probe is separated from the speci- 
men surface by a relatively large distance or within a 
direct contact region in which the tip of probe is brought 
into contact with the specimen surface. In the measure- 
ment within the non-contact region, magnetic forces 
produced between magnetic dipoles are measured. 
However, these forces are of a long-range force, and 
thus it is impossible to realize an atomic resolution. In 
the measurement within the direct contact region, ai- 
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though it would be possible to evaluate the surface 
structure with an atomic resolution, it is impossible to 
measure the exchange force between the specimen and 
the probe in an accurate manner, because the probe tip 
is brought into contact with the specimen surface and is 5 
influenced by magnetic properties of the specimen sur- 
face. Therefore, it is impossible to evaluate inherent 
magnetism of the specimen surface in an accurate man- 
ner. 

In order to overcome the above mentioned draw- 
back, the inventors have proposed, in a co-pending pat- 
ent application, a method of measuring an exchange 
force between a probe and an electrically conductive or 
electrically insulating specimen with an atomic resolu- 
tion. 

In this method, in order to measure an exchange 
force between a specimen and a probe each of which 
contains localized electrons and at least one of which 
contains conduction electrons, the specimen and probe 
are faced to each other by a distance within a close prox- 
imity region from a distance at which conduction elec- 
tron clouds (wave function) begin to be overlapped with 
each other to a distance at which localized electron 
clouds (wave function) are not substantially overlapped 
with each other, and an exchange force between said 
two substances is measured. The above close proximity 
region is called RKKY type exchange interaction region. 

Fig. 4 is a graph showing variations of force and en- 
ergy between the specimen and the probe in accord- 
ance with a distance therebetween. It should be noted 
that the force may be derived by differentiating the en- 
ergy. The RKKY type exchange interaction region is be- 
tween the contact region in which a direct exchange in- 
teraction is taken place and the non-contact region in 
which an interaction between magnetic dipoles is car- 
ried out. In the known atomic force microscope, the di- 
rect exchange interaction region or non-contact region 
is used. In these regions, the force between the speci- 
men and the probe could not be measured with an atom- 
ic resolution. It should be noted that in Fig. 4, boundaries 
between the direct exchange interaction region, RKKY- 
type exchange interaction region and magnetic dipole 
interaction region are denoted by broken lines, but in 
practice, these boundaries could not be determined 
clearly. 

When a specimen and a probe are faced to each 
other by a distance within the RKKY-type exchange in- 
teraction region, an exchange force between the spec- 
imen and the probe is of an order of 10* 10 N. Presently 
available atomic force microscope has a measuring limit 
of an order of about 10" 12 -10- 13 N. Therefore, the ex- 
change force of an order of 1 0~ 1 0 N could be measured. 

However, if an exchange force within the RKKY- 
type exchange interaction region is measured using a 
cantilever of the known atomic force microscope in 
which the non-contact region is utilized, the probe is 
brought into contact with the specimen, because a dis- 
tance between the specimen and the probe could not 



be controlled precisely. Since a spring constant of the 
cantilever is very small, when the probe is brought into 
a close proximity of the specimen, a resilient force of the 
cantilever might be against a force between the speci- 
men and the probe and the cantilever is attracted to the 
specimen. When a spring constant of the cantilever is 
increased, a sensitivity of the cantilever might be de- 
creased largely and the exchange force of an order of 
10- 10 N between the specimen and the probe could not 
be measured precisely. 

Summary of the Invention 

The present invention has for its object to provide 
a novel and useful apparatus for measuring precisely 
with an atomic resolution an exchange force between a 
specimen and a probe which are faced to each other by 
a very small distance within the RKKY-type exchange 
interaction region. 

According to the invention, an apparatus for meas- 
uring an exchange force between a specimen and a 
probe each of which contains localized electrons and at 
least one of which contains conduction electrons, com- 
prises: 

a means for holding said specimen; 
a resilient member for supporting said probe such 
that said specimen and probe are faced to each oth- 
er by a distance within a close proximity region from 
a distance at which conduction electron clouds be- 
gin to be overlapped with each other to a distance 
at which localized electron clouds are not substan- 
tially overlapped with each other; 
a displacement measuring means for measuring a 
displacement of said resilient member due to a 
force between the specimen and the probe; 
a controlling means for controlling a resiliency of 
said resilient member against the force between the 
specimen and the probe such that the probe is pre- 
vented from being brought into contact with the 
specimen; and 

an exchange force detecting means for detecting 
an exchange force between the specimen and the 
probe in accordance with said displacement of the 
resilient member. 

According to the invention, it is preferable that said 
resilient member is formed by a resilient cantilever hav- 
ing one end secured to a stationary member, and said 
displacement measuring means includes a first piezoe- 
lectric element secured to the cantilever, an oscillator 
for supplying a driving signal having a given frequency 
and a given amplitude to said first piezoelectric element, 
and an opto-electric position detecting device for detect- 
ing a displacement of the cantilever. 

In a preferable embodiment of the apparatus ac- 
cording to the invention, said controlling means includes 
a spring constant adjusting means for adjusting a spring 
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constant of the resilient member in accordance with the 
displacement of the resilient member supplied from the 
displacement measuring means. 

Alternatively, the controlling means may be con- 
structed by a means for preventing the probe from being 
brought into contact with the specimen by means of an 
electromagnetic force or an electrostatic force. 

In a preferable embodiment of the apparatus ac- 
cording to the invention, said displacement measuring 
means includes a first piezoelectric element secured to 
the cantilever, an oscillator for generating a driving sig- 
nal having a given frequency and a given amplitude, and 
an optical position detecting device for detecting a dis- 
placement of the cantilever in an opto-electric manner, 
said spring constant adjusting means comprises a sec- 
ond piezoelectric element and a control circuit for sup- 
plying a control signal to said second piezoelectric ele- 
ment such that the cantilever vibrates at the given fre- 
quency with a given amplitude, and said exchange force 
detecting means includes a calculation circuit for 
processing said control signal supplied from said control 
circuit to derive the exchange force between the speci- 
men and the probe. 

Brief Description of the Drawings 

Fig. 1 is a schematic view showing the atomic struc- 
ture of a magnetic specimen surface; 
Fig. 2 is a diagram representing progress in mag- 
netic medium, linear record density, evaluating 
method and the resolution; 

Fig. 3 is a schematic view illustrating a construction 
of a known spin-polarized scanning tunneling mi- 
croscopy; 

Fig. 4 is a graph representing a distance depend- 
ency of a force between the specimen and the 
probe; 

Fig. 5 is a schematic view showing specimen and 
probe used in calculation for a measuring principle 
of the apparatus according to the invention; 
Fig. 6 is a schematic view illustrating a model of 
atomic structure of the specimen and probe; 
Fig. 7 is a graph representing a distance depend- 
ency of a force between the specimen and the 
probe; 

Fig. 8 is a graph showing a distance dependency of 
magnetic moment of the specimen; 
Figs. 9A and 9B are schematic diagrams showing 
the condition of electrons within a direct exchange 
interaction region and an RKKY-type interaction re- 
gion; 

Fig. 10 is a schematic view illustrating an embodi- 
ment of the apparatus for measuring the exchange 
force by the method according to the invention; 
Fig. 11 is a schematic view depicting a second em- 
bodiment of the exchange force measuring appara- 
tus according to the invention; and 
Fig. 12 is a schematic view illustrating a third em- 



bodiment of the exchange force measuring appara- 
tus according to the invention. 

Description of the Preferred Embodiment 

5 

At first, we consider a simple model, in which two 
thin films made of iron which is a 3d transition metal are 
brought together in close proximity as shown in Fig. 5. 
One of the thin iron films may be a specimen and the 

10 other may be a probe. In actual measurement, the spec- 
imen may be considered as a thin film, but the probe is 
a very sharp tip and could not be considered as a thin 
film. However, in a microscopic view point, the probe 
may be also considered as a thin film. It is also assumed 

is that each of the two thin films has a structure construct- 
ed by three atom layers as illustrated in Fig. 6, (001) 
surfaces of the thin films are faced to each other by a 
distance d, and a lattice constant of thin films is a (2.83 
A). 

20 When an origin of coordinates is set at a middle 
point between the two films, a position of atoms of a first 
layer x t of the first thin film is expressed by x^O, 0, d/ 
2), a position of atoms of a second layer x 2 is expressed 
by X2(a/2, a/2, d/2+a/2), and a position of atoms of a 

25 third layer x 3 is expressed by x 3 (0, 0, d/2+a). Similarly, 
in the second thin film, a position of atoms of a first layer 
Xj* is expressed by xV(a/2, a/2, -d/2), a position of atoms 
of a second layer x 2 is expressed by x 2 '(0, 0, -d/2-a/2), 
and a position of atoms of a third layer x 3 is expressed 

30 by x 3 , (a/2, a/2, -d/2 -a). The surface relaxation is not con- 
sidered. So, lattices is assumed to be rigid. 

Since the exchange force between the two thin films 
can be derived as a difference between a force obtained 
under a condition that directions of magnetic moments 

35 of these thin films are in parallel with each other and a 
second force obtained under a condition that directions 
of magnetic moments of the thin films are in anti-parallel 
with each other. Therefore, a dependency of these first 
and second forces upon a distance between the two thin 

40 films has been investigated. It has been derived by the 
first principle calculation using the local-spin approxima- 
tion to the density-functional theory. Upon calculation, 
the full potential linear argumented plane wave (LAPW) 
method was employed. The inventors have reported in, 

45 for instance Japanese Journal of Applied Physics, Vol. 
33 (1 994), pp. 2692-2695, Materials Science and Engi- 
neering B31 (1995), pp. 69-76, and Physical Review 
B56(1995), pp. 3218-3321, calculation results of forces 
applied to respective atoms under such a condition that 

so directions of magnetic moments are parallel with each 
other. In order to measure an actual exchange force, it 
is necessary to derive a difference between a force 
measured under such a condition that directions of mag- 
netic moments are in parallel with each other and a force 

55 measured under such a condition that directions of mag- 
netic moments are in anti-parallel with each other. 

According to the invention, not only force applied to 
the respective thin films under the parallel condition of 



4 



7 



EP 0 872 707 A1 



8 



magnetic moments, but also force applied to the respec- 
tive thin films under the condition of the anti-parallel con- 
dition of magnetic moments are calculated in an ex- 
tremely precise manner, and calculation results shown 
in Fig. 7 could be obtained. In Fig. 7, the horizontal axis s 
denotes a distance d normalized by the lattice constant 
a (d/a) and the vertical axis shows a force F (10* 9 N). A 
curve F P represents the force in the parallel condition 
and a curve F AP shows the force in the anti-parallel con- 
dition. 

The force between the thin films contain forces oth- 
er than the exchange force, and therefore in order to 
derive only the exchange force, it is necessary to cancel 
out the forces other than the exchange force by deriving 
a difference between them. In Fig. 7, the calculated ex- 
change force is shown by a curve F ex = F AP -F P . As can 
be seen from the curve F ex , the exchange force has a 
large dependency upon the distance d between the two 
thin films. Within a region of d/a < 1.7, the exchange 
force appears. Particularly, within a region of d/a < 1 .0, 
a large exchange force is recognized. Within a region of 
1 .0 < d/a < 1 .7, the existence of the exchange force is 
recognized. However, in a region of d/a > 2.0, no ex- 
change force could appear. 

Then, a dependency of the magnetic moment of the 
thin film under the parallel and the anti-parallel condi- 
tions has been investigated and a result shown in Fig. 
8 was obtained. In Fig. 8, the horizontal axis denotes a 
distance a between the thin films normalized by the lat- 
tice constant a (d/a), and the vertical axis represents the 
magnetic moments m(uB). Curves X-,(P) and x-,(AP), x 2 
and x 3 show magnetic moments of atoms in the layers 
x v x 2 and x 3 , respectively. The curve X^P) shows a 
change in the magnetic moment under the parallel con- 
dition and the curve x-, (AP) represents a change in the 
magnetic moment under the anti-parallel condition. The 
magnetic moments of atoms in the second layer x 2 are 
substantially identical with that of the bulk. When the 
normalized distance d/a between the two thin films is 
smaller than 1 .0, the magnetic moment of the first layer 
x., is greatly deceased. This means that atoms in this 
first layer x-, are subjected to the direct exchange inter- 
action. Within the region in which the normalized dis- 
tance d/a is smaller than 1.0, spins in the first thin film 
are directly exchange interacted. Therefore, in the 
present invention, this region is called a direct exchange 
interaction region. As explained above with reference to 
Fig. 7, in the direct exchange interaction region of the 
normalized distance d/a smaller than 1.0, it is possible 
to attain a large exchange force. However, within this 
direct exchange interaction region, the magnetic mo- 
ment changes largely, and therefore the magnetic struc- 
ture of a specimen surface might be affected by the 
probe and the magnetic property of the specimen sur- 
face could not be evaluated accurately. 

According to the invention, it is extremely preferable 
to measure the exchange force within the region of 1 .0 
<, d/a < 1 .7. In the direct exchange interaction region of 



d/a < 1 .0, the localized electron clouds (wave functions) 
of, for instance 3d orbitals are overlapped with each oth- 
er as shown in Fig. 9A, and in the region of 1 .0 < d/a < 
1.7, although the localized electron clouds are separat- 
ed from each other as depicted in Fig. 9B, the conduc- 
tion electron clouds (wave functions) of 4s and 3p orbit- 
als are overlapped with each other. Therefore, accord- 
ing to the invention, the exchange force is measured by 
separating a specimen surface and a probe from each 
other by a distance within a region from a distance at 
which the conduction electron clouds of 4s and 3p or- 
bitals begin to be overlapped with each other to a dis- 
tance at which the localized electron clouds of 3d orbital 
are not substantially overlapped with each other. In the 
present specification, such a region is called a RKKY- 
type exchange interaction region. The measurement of 
the exchange force according to the invention is applied 
not only to the above mentioned 3d transition metal, but 
also to molecules revealing magnetism, 4f rare earth 
metals and compounds and magnetic semiconductors. 
It should be noted that the present invention may be 
equally applied to two substances each of which in- 
cludes localized spins and at least one of which contains 
conduction electrons. 

As explained above with reference to Fig. 7, the 
magnitude of the exchange force F ex measured in the 
RKKY-type exchange interaction region, i.e. 1 .0 < d/a <, 
1 .7 is smaller than that measured in the direct exchange 
interaction region, but is still of order of 1 0 -10 N. The ex- 
change force having such a magnitude can be meas- 
ured, because the conventional atomic force micro- 
scope has a resolution of about 10' 12 to 10' 13 N. Fur- 
thermore, this RKKY-type exchange force changes in a 
sinusoidal manner, and thus the exchange force can be 
measured accurately using such a characteristic. 

Now several embodiments of the apparatus for 
measuring the exchange force between a specimen and 
a probe according to the invention will be explained. 

Fig. 10 is a schematic view showing a first embod- 
iment of the apparatus for measuring the above men- 
tioned RKKY-type exchange force according to the in- 
vention. A specimen 21 whose magnetic properties are 
to be evaluated is placed on a stage 22 which can be 
moved in a three-dimensional manner. Above the spec- 
imen stage 22 is arranged a resilient cantilever 23 
whose one end is secured to a stationary member by 
means of a first piezoelectric element 25. The resilient 
cantilever 23 is formed by a resilient strip made of sili- 
con, silicon nitride, stainless steel, phosphor bronze and 
so on. A probe 24 is secured on a lower surface of the 
resilient cantilever 23 near its distal end. It is preferable 
that the probe 24 has a sharp tip. According to the in- 
vention, there is no special limitation for a combination 
of materials of the specimen 21 and probe 24, the probe 
may be made of any suitable material from a view of 
workability, except for a condition due to a property of a 
magnetic specimen. Therefore, according to the inven- 
tion, the cantilever 23 and probe 24 may be formed as 
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a single integral body. 

As explained above, the cantilever 23 is secured to 
the stationary member by means of the first piezoelec- 
tric element 25, which is connected to an oscillator 26 
which generates a driving signal having a frequency of 
several hundreds KHz to vibrate the cantilever 23 at 
such a frequency. On the upper surface of the cantilever 
23 is provided a reflection member 27, and a laser light 
beam emitted by a laser light source 28 is made incident 
upon the reflection member from an inclined direction. 
The laser beam reflected by the reflection member 27 
is received by a position sensor 29. The position sensor 
29 comprises an array of a plurality of light receiving el- 
ements and a position upon which the laser beam is 
made incident can be detected. In this manner, a posi- 
tion of the probe 24 in a direction Z perpendicular to the 
surface of the specimen 21 can be detected in a very 
precise manner. 

The specimen stage 22, cantilever 23, laser light 
source 28 and position sensor 29 are all installed within 
a vacuum chamber 30 to which a vacuum pump (not 
shown) is connected. In this manner, a space within the 
chamber 30 can be maintained at ultra-high vacuum 
condition, and thus the accurate measurement of the ex- 
change force can be achieved without being influenced 
by dusts deposited on the specimen 21 . If the apparatus 
is placed in an extremely clean space, it is not necessary 
to use the vacuum chamber. 

In order to prevent the probe 24 from being brought 
into contact with the specimen 21 against a resilient 
force of the cantilever 23 by means of a force between 
the specimen 21 and the probe 24, in the present em- 
bodiment, there is provided a spring constant controlling 
means. That is to say, a second piezoelectric element 
31 is provided on the cantilever 23. This second piezo- 
electric element 31 is connected to a control circuit 32. 

Outside the vacuum chamber 30, there are ar- 
ranged, in addition to the above mentioned oscillator 26 
and control circuit 32, a driving circuit 33 for driving the 
specimen stage 22, a displacement measuring circuit 
34 connected to said position sensor 29, a calculating 
circuit 35 for calculating output signals supplied from the 
control circuit 32 to derive an exchange force applied to 
the probe 24, and a processing circuit 36 for processing 
an output signal supplied from the calculating circuit 35 
to evaluate magnetic properties of the specimen 21 on 
the basis of the measured exchange force applied to the 
probe 24. 

After placing the specimen 21 on the stage 22 and 
exhausting the vacuum chamber 30, the specimen 
stage 22 is driven by the driving circuit 33 such that the 
tip of probe 24 is faced to a given portion of the speci- 
men. In this case, a distance between the specimen 21 
and the tip of probe 24 is set to a value within the above 
mentioned RKKY-type exchange interaction region. 
Then, the piezoelectric element 25 is driven by the os- 
cillator 26 such that the resilient lever 23 and thus the 
probe 24 are vibrated in the direction Z at a given fre- 



quency. The frequency is preferably set to a resonant 
frequency of the cantilever 23. Due to this vibration, the 
position of the laser beam impinging upon the position 
sensor 29 is changed in a periodic manner. When the 

5 probe 24 is placed remote from the specimen 21 and 
any force is not induced between the specimen 21 and 
the probe 24, the vibration of the resilient lever 23 is not 
affected at all and the lever is vibrated at given frequen- 
cy and amplitude. However, when the probe 24 is 

10 brought closer to the specimen 21 by a distance within 
said RKKY-type exchange interaction region, a force is 
induced between the specimen 21 and the probe 24 and 
the vibration of the lever 23 is influenced by this force. 
Then, the frequency and amplitude of the vibration of 

15 the resilient cantilever 23 are changed. In the present 
embodiment, a displacement signal generated by the 
displacement measuring circuit 34 is supplied to the 
control circuit 32. The control circuit 32 produces a con- 
trol signal and the thus produced control signal is sup- 

20 plied to the second piezoelectric element 31 . The control 
signal is formed such that the cantilever 23 vibrates at 
said given frequency and amplitude irrespective of the 
exchange force between the specimen 21 and the probe 
24. In other words, in the present embodiment, to the 

25 second piezoelectric element 31 is supplied such a con- 
trol signal that a spring constant of the resilient cantilev- 
er 23 is increased in accordance with a decrease in a 
distance between the specimen 21 and the probe 24. 
As explained above, the cantilever 23 is controlled 

30 by the second piezoelectric element 31 such that the 
cantilever 23 vibrates at said given frequency and am- 
plitude, and thus the control signal supplied from the 
control circuit to the second piezoelectric element 31 
represents the force induced between the specimen 21 

35 and the probe 24. Therefore, the control signal is also 
supplied to the calculating circuit 35 to derive the force 
between the specimen 21 and the probe 24. The thus 
calculated force is once stored in the calculating circuit 
35. As stated above, forces between the specimen 21 

40 and the probe 24 are measured under such conditions 
that directions of magnetic moments are in parallel with 
each other and directions of magnetic moments are in 
anti-parallel with each other, and the exchange force is 
measured as a difference between both two forces. 

45 These parallel mode and anti-parallel mode may be at- 
tained by providing an electromagnetic coil around the 
probe 24 and flowing a current into a first direction to 
magnetize the probe in a first direction. After measuring 
one of the first and second forces, a current is flowed 

so through the coil in a second direction opposite to said 
first direction to magnetize the probe in a second direc- 
tion opposite to the first direction, and the other of said 
first and second forces is measured. During the meas- 
urement of the forces, no current flows through the coil, 

55 and therefore the measurement of force is not affected 
at all. 

Then, a difference between the first and second 
forces calculated and stored in the calculating circuit 35 
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is calculated to derive the exchange force between the 
specimen 21 and the probe 24. Finally, the calculated 
exchange force is supplied to the processing circuit 36 
and magnetic properties of the specimen 21 are evalu- 
ated on the basis of the exchange force. 

Fig. 11 is a schematic view showing a major portion 
of a second embodiment of the exchange force meas- 
uring apparatus according to the invention. In the first 
embodiment explained above, the spring constant of the 
resilient cantilever 23 is controlled by the second piezo- 
electric element 31 provided on the cantilever in such a 
manner that the probe 24 is prevented from being 
brought into contact with the specimen 21 by the force 
between the specimen and the probe. I n the present em- 
bodiment, the attraction of the cantilever is prevented 
by means of a magnetic force. To this end, a resilient 
cantilever 42 is vibrated by means of a piezoelectric el- 
ement 41 and a magnetic member 43 is secured to a 
distal end of the cantilever 42. Above the magnetic 
member 43 is arranged a magnetic coil 44 which is con- 
nected to a control circuit 46. The control circuit 46 is 
connected to a displacement measuring circuit 45. 

In the present embodiment, by controlling a current 
supplied to the magnetic coil 44 by the control circuit 46 
in accordance with a displacement signal supplied from 
the displacement measuring circuit 45 to produce a 
magnetic force applied to the magnetic member 43 such 
that the magnetic member is moved upward and a probe 
48 secured to the cantilever 42 is not attracted to a spec- 
imen 47 by a force between the specimen and the probe. 

In this manner, by controlling the current supplied 
to the magnetic coil 44 such that the cantilever 42 vi- 
brates at the given frequency and amplitude. Then, a 
control signal produced by the control circuit 46 repre- 
sents the exchange force between the specimen 47 and 
the probe 48. In the present embodiment, the magnetic 
coil 44 is arranged above the cantilever 42, but it may 
be provided under the cantilever. 

Fig. 1 2 is a schematic view showing a major portion 
of a third embodiment of the exchange force measuring 
apparatus according to the invention. In the present em- 
bodiment, a resilient cantilever 52 is vibrated at given 
frequency and amplitude by a piezoelectric element 51 
and an electrode 53 is arranged above the cantilever. A 
variable DC voltage source 54 is connected across the 
cantilever 52 and the electrode 53. A probe 56 is se- 
cured to a distal end of the cantilever 56 to be faced with 
a specimen 55. By adjusting a DC voltage applied by 
the variable DC voltage source 54 across the cantilever 
52 and the electrode 53 in accordance with a control 
signal which is produced on the basis of the displace- 
ment of the cantilever 52. Then, the cantilever 52 is sub- 
jected to an electrostatic force produced between the 
cantilever 52 and the electrode 53 and the probe 56 is 
prevented from being attracted to the specimen 55. By 
adjusting the control signal such that the cantilever 52 
is vibrated at the given frequency and amplitude irre- 
spective to the force between the specimen 55 and the 



probe 56, it is possible to measure the exchange force 
between the specimen and the probe by processing the 
control signal. 

The present invention is not limited to the embodi- 

5 ments explained above, but many alternations and mod- 
ifications may be conceived by a person skilled in the 
art within the scope of the invention. In the above em- 
bodiments, the mechanical force, magnetic force and 
electrostatic force are used to prevent the probe provid- 

10 ed on the cantilever from being attracted to the speci- 
men. However, according to the invention, any other 
means may be utilized to avoid the attraction of the 
probe to the specimen by the exchange force between 
the specimen and the probe. 

is As explained above, in the apparatus for measuring 
the exchange force according to the invention, the con- 
trolling means is provided for controlling the resiliency 
of the resilient cantilever against the force between the 
specimen and the probe such that the probe is prevent- 

20 ed from being attracted to the specimen, and therefore 
the exchange force between the specimen and the 
probe can be measured accurately with an atomic res- 
olution in regardless of compositions of the specimen 
and probe and the magnetic property of the specimen 

25 can be evaluated accurately on the basis of the meas- 
ured exchange force. 

Claims 

30 

1 . An apparatus for measuring an exchange force be- 
tween a specimen and a probe each of which con- 
tains localized electrons and at least one of which 
contains conduction electrons, comprising: 

35 

a means for holding said specimen; 
a resilient member for supporting said probe 
such that said specimen and probe are faced 
to each other by a distance within a close prox- 
40 imity region from a distance at which conduc- 

tion electron clouds begin to be overlapped with 
each other to a distance at which localized elec- 
tron clouds are not substantially overlapped 
with each other; 
45 a displacement measuring means for measur- 

ing a displacement of said resilient member due 
to a force between the specimen and the probe; 
a controlling means for controlling a resiliency 
of said resilient member against the force be- 
so tween the specimen and the probe such that 
the probe is prevented from being brought into 
contact with the specimen; and 
an exchange force detecting means for detect- 
ing an exchange force between the specimen 
55 and the probe in accordance with said displace- 
ment of the resilient member. 

2. An apparatus according to claim 1 , wherein said 
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controlling means includes a spring constant ad- 
justing means for adjusting a spring constant of the 
resilient member in accordance with the displace- 
ment of the resilient member supplied from the dis- 
placement measuring means. 

3. An apparatus according to claim 2, wherein said re- 
silient member is formed by a resilient cantilever 
having one end secured to a stationary member, 
and 

said displacement measuring means includes 
a first piezoelectric element secured to the cantilev- 
er, an oscillator for supplying a driving signal having 
a given frequency and a given amplitude to said first 
piezoelectric element, and an opto-electric position 
detecting device for detecting a displacement of the 
cantilever. 

4. An apparatus according to claim 3, wherein said 
spring constant adjusting means comprises a sec- 
ond piezoelectric element and a control circuit for 
supplying a control signal to said second piezoelec- 
tric element in accordance with the displacement of 
the cantilever such that the cantilever vibrates at the 
given frequency and amplitude, and said exchange 
force detecting means includes a calculation circuit 
for processing said control signal supplied from said 
control circuit to derive the exchange force between 
the specimen and the probe. 

5. An apparatus according to claim 4, wherein said 
controlling means includes an electromagnetic con- 
trolling means for applying a force to the probe in 
accordance with the displacement of the cantilever 
such that the probe is moved away from the speci- 
men. 

6. An apparatus according to claim 5, wherein said 
electromagnetic controlling means comprises a 
magnetic member provided on the cantilever and a 
magnetic coil arranged to be opposed to said mag- 
netic member. 

7. An apparatus according to claim 4, wherein said 
controlling means includes an electrostatic control- 
ling means for preventing the probe from being 
brought into contact with the specimen by means of 
an electrostatic force. 

8. An apparatus according to claim 7, wherein said 
electrostatic controlling means comprises an elec- 
trode arranged to be opposed to said cantilever and 
a variable DC voltage source connected across 
said cantilever and the electrode for supplying a DC 
voltage in accordance with the displacement of the 
cantilever. 

9. A method according to any one of claims 1-8, 



wherein said specimen and probe are made of tran- 
sition metal having a lattice constant a, and the 
probe is faced to the specimen surface by a dis- 
tance d while a condition 1 .0 <> d/a < 1 .7 is satisfied. 
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